SUMMARY A mechanical model of a branched coronary artery with a graft bypassing an 80% stenosis of one branch was used to study the reduction in coronary flow due to stenosis of the bypass graft. Flow Reynolds number and ratio of aortic pressure to dynamic pressure were matched to the living system. Changes in coronary flow were measured for a range of stenoses (0-100%) of bypass grafts with graft-to-coronary-diameter ratios of 4:1, 3:1, 2: 1 and 1:1 for conditions that simulated rest and exercise. The results of these studies indicate that: 1) marked stenosis of bypass grafts is needed to decrease coronary flow in the resting state, and even moderate stenosis will decrease flow during exercise when the diameter of the bypass is large relative to the coronary artery; 2) coronary flow is decreased with mild stenosis for bypass grafts of the same diameter as the coronary artery; and 3) a marked decrease in flow due to stenosis of a bypass graft occurs only when the diameter of a stenosis in a graft is less than the diameter of the coronary artery.
THE POPULATION of patients with coronary artery disease who have had coronary artery bypass graft (CABG) operations is now several hundred thousand, and it continues to grow rapidly.1 2 Coronary angiographic studies after CABG surgery have shown that with time the lumen of a CABG frequently undergoes a uniform decrease in diameter or focal stenosis. 3 However, the effect on coronary blood flow (CBF) of narrowing of a bypass graft is unclear, because it is presently not feasible to make detailed measurements of coronary stenosis and CBF in patients who have had CABG operations. The effect on CBF of bypassing a coronary artery stenosis has been studied in mechanical models,4 experimental animals,4 6 and human subjects,7'-10 but to our knowledge there has been only one very limited study of the fluid dynamic effects of stenosis of CABGs using proper modeling techniques." In that study, a single vessel with a bypass was used, rather than a branched vessel system, and the effects on flow of CABGs of two different diameters were determined. Straight glass tubing was used to represent the aorta, a single coronary vessel and a diagonal bypass graft. The ratio of bypass to coronary diameter and the angle of attachment of the graft to the coronary were varied to optimize coronary flow for this simplified situation. Measurements made during that study were concerned largely with the onset of turbulence and with the details of velocity profiles. Appropriate mechan-ical model studies of the effect on CBF of stenosis of CABGs (with bypass graft and branched coronary vessels) have not been performed.
In the present study, we used a properly scaled mechanical model and dimensional analysis12 to study the decreases in CBF associated with stenoses of bypass grafts for grafts of several diameters. We expect that these studies will be useful in assessing the hemodynamic significance of stenoses in CABGs observed by angiography.
Materials and Methods A scaled mechanical model of the left coronary artery circulation, including the left main, left anterior descending and circumflex coronary arteries and one bypass graft, was used to study changes in coronary flow due to stenosis of a bypass graft. The geometry of the model is shown schematically in figure 1 .
In attempting to use a mechanical model to draw conclusions about the fluid mechanics of the coronary arterial system, the appropriate nondimensional parameters must be matched to ensure that the model will correctly simulate the fluid behavior in the living circulation. This matching, or dynamic similarity, is assured by the application of dimensional analysis.12 For the CABGs we are considering, the primary fluid variables for steady flow are the aortic pressure (po), the density (p), viscosity (,u), and velocity (V) of the fluid, and the diameter (d) of the coronary vessel in question. The Outflow from the two coronary branches was measured over 5 or 10 seconds by collection in a graduated cylinder. Measurements of flow that were repeated for selected cases indicated the reproducibility of measurements made by using this technique to be in the range of 0-9.7% (mean 4.1%). Alterations in coronary flow due to stenosis of bypass grafts were measured in the mechanical model during flow that simulated rest and exercise in man. Coronary flow at rest was simulated by adjusting the resistance at the ends of the coronary arteries (without stenoses in the coronary arteries and with the bypass closed) to yield flow Reynolds numbers of approximately 300. Coronary flow during exercise was simulated by decreasing the resistance at the end of the coronary arteries so that coronary flow was increased to approximately 3½/2 times the flow at rest under the same conditions. Stenoses were then fixed at 80% diameter narrowing in the bypassed vessel and 40% diameter narrowing in the unbypassed vessel. Coronary outflow from each branch was measured for diameter stenoses of the bypass graft of 0%, 20%, 40%, 60%, 80%, 90% and 100%. Bypass grafts of four different diameters were studied, corresponding to graft-to-coronary-diameter ratios of 4:1, 3:1, 2:1, and 1:1.
Results
Alterations in coronary flow due to stenosis of a bypass graft, when the resting state was simulated, are given in table 1. Measurements of flow (Q) were normalized by dividing each measurement by the flow that was present with no stenosis in the bypass (Q).
Therefore, the quantity Q/Q. shows the effect of a stenosis in a bypass graft on coronary flow compared with the flow that was present when the bypass had no stenosis. When each of the four bypass grafts having graft-to-coronary-diameter ratios of 4: 1-1: 1 was unobstructed, the flow in the bypassed coronary vessel was in the range of 5.53-5.93 ml/sec. Flow in the coronary vessel having the bypass began to decrease with diameter narrowing of the bypass graft of only 40% for a bypass-to-coronary-diameter ratio of 1:1, but shifted to 80%, 85%, and 90% for bypass-to-coronarydiameter ratios of 2:1, 3:1 and 4:1, respectively
Alterations in coronary flow that were measured when exercise was simulated are given in table 2. When bypass grafts with graft-to-coronary-diameter ratios of 4:1-2: 1 were unobstructed, the flow in the coronary vessel having the bypass graft was 44.0-48.6 ml/sec. However, with the 1:1 bypass graft, coronary flow was only approximately 27 ml/sec (by extrapolation). Coronary flow in the vessel having a bypass graft began to decrease with mild narrowing of the graft for a bypass having a graft-to-coronarydiameter ratio of 1:1 ( fig. 3) . However, for the bypass grafts having bypass-to-coronary-diameter ratios of 2:1, 3: 1 and 4:1, the flow in the coronary vessel having the bypass graft did not begin to decrease until 20%, 40% and 60% diameter narrowing of the graft, CIRCULATION 62 Flow may be reduced by resistance due to laminar or turbulent wall shear stress and by free turbulence, which is turbulence at a jet boundary rather than at a vessel wall, as may be produced by a stenosis in any segment of a branched system. We and others4 5 have observed that there is near-stasis in the segment of the bypassed coronary vessel between its origin and the bypass graft. Therefore, flow in the portion of the bypassed coronary vessel that is distal to the stenotic bypassed graft is determined primarily by the wall shear stress in the bypass, the free turbulence generated by the stenosis in the bypass, possible turbulence at the site of anastomosis, and the distal resistance of the bypassed vessel. The onset of turbulence in a free jet from stenosis of an artery has been accurately predicted13 by the empirical expression developed from the pipe data of Johansen'0 in accordance with the equation Re = 2000 (d/D)2, where d and D represent the diameter of the stenosis and the vessel, respectively. If we apply this equation to the cases of stenosis of bypass grafts that we studied (figs. 2 and 3) and assume that flow in the bypass graft is approximately equal to the flow in the coronary vessel distal to the bypass, the onset of turbulence is to be expected at the degrees of stenosis for the resting and exercise states shown in table 3 (noting that Re = pVD/u = 50.1 Q in the bypassed coronary). These calculations are for steady flow and the present study has been restricted to steady flow experiments. It has been shown previously'3 that such experiments are matched very well by animal experiments when considering flow in stenotic vessels, provided that the flow Reynolds number and the geometric ratios are properly matched. Table 3 indicates that a turbulent jet from a stenosis is not produced in a bypass graft in the resting state for less than a 60% stenosis. The onset of turbulence occurs at greater percent diameter narrowing as the diameter of the bypass grafts becomes larger. However, the diameter of the orifice of a stenosis in the bypass graft at the onset of turbulence increases as the diameter of the bypass becomes larger. In the exercise state, for a bypass graft equal to the coronary artery, turbulence exists in the bypass even with no stenosis. This may explain why there is less flow in the 1:1 bypass graft without stenosis than in the larger grafts. A bypass graft of four times that diameter (4:1) is without turbulence until a 45% stenosis is produced. These calculations show that in all cases studied the use of a larger diameter bypass increased During simulation of the resting state, with no stenosis in the bypass, the main contribution to resistance was in the distal portion of the bypassed vessel rather than in the bypass graft, because coronary flow was increased by the bypass graft to nearly the same levels for each of the four grafts (bypass-tocoronary-diameter ratios of 4:1-1:1 [ fig. 2]) . At greater than 80-90% diameter narrowing of the bypass, the main contribution to resistance evidentally shifted to turbulence at the stenosis of the bypass graft for the three largest grafts (bypass-to-coronarydiameter ratios of 2:1-4:1). The sharp decreases in flow with stenoses of greater than 80-90% in these three grafts are similar to the sharp decreases in flow in animals with stenosis of a single coronary vessel. [17] [18] [19] The change in flow is markedly different for a bypass graft of the same diameter as the coronary, in that the reduction in flow begins with relatively mild stenosis of the bypass graft and progresses gradually. The reasons for the differences in flow through bypass grafts of large vs small diameter have not been determined. However, it is clear that for laminar flow the resistance due to wall shear stress (i.e., the pressure drop/unit length) increases with the fourth power of the diameter so that the resistance due to a 1:1 bypass graft without stenosis is 15 times as large as that of a bypass graft of twice (2:1) the diameter.20 Bypass grafts having relatively large diameters and low wall shear stress (bypass-to-coronary-diameter ratios of 4:1-2: 1) require a high grade (greater than 80-90%) stenosis of the bypass before turbulence at the stenosis begins to decrease flow in the graft. Because resistance to flow due to wall shear stress is much more marked for the smallest diameter bypass graft that we studied, the effect on flow of the added resistance due to free turbulence at a stenosis of this graft produced a gradual decrease in flow.
During the relatively high flow of simulated exercise, resistance due to turbulence becomes more important than laminar shear stress, because turbulent shear stress is proportional to the square of flow while laminar shear stress is directly proportional to flow.2' As a result, reduction in coronary flow with simulated exercise began with much smaller stenoses of bypass grafts than was observed when the resting state was simulated ( figs. 2 and 3) . The main contribution to resistance, with no stenosis of the bypass, remained at the distal end of the bypassed coronary vessel for the three largest bypass grafts (bypass-to-coronarydiameter ratios of 4:1-2: 1), because coronary flow was nearly the same for these bypass grafts (table 2) . However, the bypass graft that was of the same diameter as the coronary artery reduced maximal flow to almost one-half that measured in the relatively large bypass grafts. In the smallest graft, the main contribution to increased resistance during exercise appeared to be due to turbulence along the length of the bypass graft. The effect of the additional resistance due to the turbulent jet produced by a graft stenosis was therefore less evident when the high flow of exercise was simulated, and flow dropped gradually as stenosis of the graft increased.
It is difficult to know how accurately our mechanical model simulated coronary flow during exercise. Increases in coronary flow of 3-7 times the values measured at rest have been shown during maximal coronary arterial dilatation in experimental animals,22 26 while maximal increases of approximately 1 l/4-3 times baseline coronary flow values have been measured through bypass grafts intraoperatively in human subjects after release of an occluded bypass graft.6-10 The reasons for the differences in maximal coronary flow in these two situations have not been determined. However, the percent decrease in coronary flow due to stenosis of a bypass graft is related to the flow Reynolds number in the system, with decreases in flow occurring with less diameter narrowing of a bypass and more gradually as the flow Reynolds number in the system increases.
We conclude from these studies that: 1) marked stenosis of bypass grafts is needed to decrease coronary flow in the resting state when the diameter of the bypass is large relative to the coronary artery; 2) even moderate stenosis of relatively large bypass grafts will decrease coronary flow during the high flow of exercise; 3) for bypass grafts of the same diameter as the coronary artery, coronary flow is decreased with mild stenosis at rest and flow is less than maximal even when unobstructed during exercise; and 4) a marked decrease in flow due to stenosis of a bypass graft occurs only when the diameter of a stenosis in a graft is less than the diameter of the coronary artery.
